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Abstract
Eclogites can be found in two distinct tectonic settings in the western USA: in the
Franciscan Complex as tectonic blocks in a fossil accretionary wedge, and in the Navajo
Volcanic Field as xenoliths in diatremes. Intra-crystal oxygen isotope analyses of garnets from
these two settings provide important information on the source, composition and timing of fluid
interactions in both eclogite settings. Because of the well-documented relationship between
Franciscan subduction and the volcanism in the Navajo Volcanic Field, the samples in this study
can be directly compared to determine if they share a common origin. The Navajo eclogites in
this study have the first intra-garnet oxygen isotope zoning found in any mantle xenoliths.
Xenolith garnets record core δ18O values of 7.8 to 10.3‰ consistent with altered upper oceanic
crust. Rim values are lower in δ18O with values of 5.8 to 6.9‰, consistent with late garnet
growth in equilibrium with slab-contaminated mantle fluids. Three garnets homogenous in δ18O
were found. Atoll textures present in one sample record altered upper oceanic crust values in the
atoll, with replacement cores and rims consistent with a mantle-dominated fluid. The presence of
garnets homogenous in δ18O within a few mm of garnets zoned in δ18O suggests textural control,
both intra- and inter-garnet, on oxygen zoning. In particular, a relationship between the extent of
healed fracturing and oxygen zoning is observed across all the Navajo eclogite samples. Garnets
homogenous in δ18O still record cation zoning, which is inconsistent with homogenization by
diffusion. The presence of zoning in both cations and oxygen in these samples suggests a short
residence time in the mantle, and a Mesozoic-Cenozoic origin.
Franciscan eclogite garnets record altered upper oceanic crust core δ18O values of 9.3 to
13.3‰. Rim values in these samples range from 6.7 to 9.5‰. Low-δ18O rims record interaction
with mantle or serpentinization fluids. High-δ18O rims suggest protection from these fluids due
to location and/or channelized fluid flow. Oscillation in δ18O values between cores and rims
suggests exposure to changing fluid environments or some movement of these samples within
the subduction channel before exhumation. No definitive genetic link was found between the
Franciscan and Moses Rock eclogites, however time constraints placed upon the Moses Rock
xenoliths suggest that the two may have originated within the same subduction zone.
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Introduction
Oxygen isotopes are a powerful tool for understanding the role of fluids in
metamorphism. Metamorphic fluids are important catalysts in metamorphic reactions and are
responsible for chemical transport within and between metamorphic rocks. Oxygen isotopes can
indicate the timing, source, composition and effects of these fluids (e.g. Ongley et al., 1987;
Kohn et al., 1993; Valley and Cole, 2001; Russell et al., 2012; Huang et al., 2014). Studies of
oxygen isotope from rock suites around the globe have yielded a set of well-constrained values
for oxygen isotopes in a range of fluids. Mantle fluids, ocean water and meteoric water are a few
examples of fluids with distinctive oxygen isotope signatures (e.g., Gregory and Taylor, 1981;
Eiler, 2001). With these values, the influence of different fluids can be separated and analyzed
within a sample, and even a single crystal.
Garnet is also a powerful tool in the study of metamorphism. Garnet is known for its
growth zoning, with each zone preserving a chemical signature of the environment in which it
formed. While in many minerals growth zoning is quickly overprinted, garnet’s slow diffusion
speed at a range of temperatures means that these zones can be preserved under a range of
conditions (e.g. Clayton et al., 1975; Kohn et al. 1993; Vielzeuf, 2005). The stability range of
garnet is large, in both pressure and temperature, which means that garnet can record a wide
variety of metamorphic events both contact and regional. Garnet’s ability to document a varied
metamorphic history in growth zoning and preserve this zoning through a range of conditions
makes it a robust and widely applicable record of metamorphism.
Oxygen isotopes are one of many components preserved in these zones meaning that
garnet can record evolving fluid compositions through changing metamorphic conditions.
However, until recently, the use of garnet as a record of oxygen isotope composition was
hindered by the inability to carry out fine-scale analysis. With the advent of secondary ion massspectrometry (SIMS), and the recent advances in the precision of these instruments, it is now
possible to analyze oxygen isotopes in situ within crystals with a high precision (at the ~10
micron scale) in garnet and other minerals (e.g., Kita et al., 2009; Valley and Kita, 2009; Page et
al., 2010). Through this method, the fluid history recorded in garnet zoning can be applied to a
range of geologic problems.
One important use of oxygen isotopes has been to constrain the source and formation of
high-grade metamorphic rocks. These rocks form at high temperatures and pressures near the
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boundary between crust and mantle, where oxygen isotopes can be used to differentiate the
influence of mantle fluids from crustal fluids (e.g. Eiler, 2001). In particular, the oxygen isotope
composition of garnet in eclogites has been used to differentiate formation mechanisms (e.g.
Russell et al., 2012; Errico et al., 2013; Smit et al., 2014). Eclogite is found in a variety of
tectonic settings, and the relationship between these settings is still unclear. If the fluid
compositions that the eclogite was exposed to can be determined, this can constrain the location
and process of formation, and potentially link eclogites found in disparate tectonic settings.
One application of oxygen isotopes to eclogite is in kimberlite and diatreme xenoliths.
These xenoliths are understood to have erupted from mantle depths, however there is significant
disagreement about where these eclogites formed. Some researchers argue that these rocks
formed within the mantle and reached the surface only during eruption (e.g. Griffin and Reilly,
2007; Huang et al., 2012). Others argue that these eclogites formed in, and were introduced into
the mantle by, subduction zones (e.g. Helmstaedt and Schulze, 1991; Jacob, 2004; Russell et al.,
2012). Oxygen isotopes have been important to both arguments because of the well-constrained
values for mantle oxygen isotopes and surface oxygen isotopes.
Intra-crystal oxygen isotope analyses of garnet in subduction zone eclogites have been
used to determine the source, extent and influence of fluids in subduction zones and subduction
zone metamorphism. In particular the influence of slab-sourced fluids has been differentiated
from pulses of serpentinite and mantle wedge fluids (e.g. Errico et al., 2013; Page et al., 2014).
The Franciscan Complex, the type locality for subduction eclogites, is known for its high-grade
metamorphic blocks in mélange, however recent work has identified what has been described as
in situ eclogite sheets in some locations (Oh and Liou, 1990; Wakabayashi, 1999; Wakabayashi
and Dumitru, 2007). It is unclear if these coherent sheets share a similar formation and
exhumation history with the blocks in mélange or have an entirely different metamorphic history.
While much work has been done using oxygen isotopes to examine the formation and
history of specific types of eclogites, few researchers have used oxygen isotopes to analyze
sample suites of multiple eclogite types, and when they have, the eclogites have been from
disparate locations. The western USA, however, provides a unique opportunity to directly
compare different types of eclogites that are tectonically linked. The Franciscan formation of
California is the type location for subduction zone eclogites, while the Navajo Volcanic Field is
home to a host of eclogite xenoliths from diatremes. The subducting slab responsible for the
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formation of the Franciscan Complex is understood to have extended all the way to Navajo
Volcanic Field, where volcanism is attributed to slab-mantle interaction (e.g. Dickinson, 1979).
The origin of the Navajo eclogite xenoliths is hotly contested. Some researchers argue that the
xenoliths originated as Franciscan subduction eclogites (Usui et al., 2003), while others argue for
a much older protolith (e.g. Smith et al., 2004).
In this study, I use intra-crystal analysis of oxygen isotope and cation composition in
garnet to investigate the formation of Franciscan coherent subduction zone eclogites and eclogite
xenoliths from the Colorado Plateau. A comparison of analyses of the Ward Creek coherent
eclogites with eclogite blocks from other Franciscan locations can shed light on the relationship
between these two expressions of Franciscan eclogites. Oxygen isotope analyses of the Moses
Rock xenoliths will allow for constraints to be placed on their origin and age. Finally, this study
will, through a better understanding of the processes forming these two distinct but tectonically
related eclogite suites, explore a possible genetic link between Franciscan subduction eclogites
and Navajo eclogite xenoliths.

Figure 1. A map of the southwestern USA showing the location of the Moses Rock Diatreme
within the Navajo Volcanic Field, Colorado Plateau. Diatreme locations are marked with
hollow triangles. (Altered from Smith and Griffin, 2005).
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Geologic Setting
Moses Rock Eclogite Xenoliths
The eclogite xenolith samples in this study are from the Navajo Volcanic Field (NVF),
part of the Colorado Plateau in the Four Corners region of the southwestern USA (Fig. 1). The
Colorado Plateau is an elevated region of relatively undeformed Paleozoic to Cenozoic
sedimentary rocks. Surrounding the plateau are the Rocky Mountain, Basin and Range and Rio
Grande Rift regions, which were all heavily deformed by orogenic activity during the Cenozoic.
During the late Cretaceous and Paleogene, arc magmatism from the subducting Farallon Plate
moved progressively eastward due to increasingly shallow subduction. It has been suggested that
the volcanism in the Navajo Volcanic Field and elsewhere in the Colorado Plateau is a result of a
slab window or slab breakup and sinking (Helmstaedt and Schulze, 1991; Usui et al., 2006).
Diatremes of ultramafic breccia are found clustered in several locations in the NVF.
These were originally described as kimberlites and were subject to extensive scrutiny because of
their similarity in petrology to diamondiferous kimberlite pipes in Canada and South Africa,
however further study found that these “kimberlites” erupted as gas-solid mixtures and included
no melt component (Smith and Levy, 1976; Roden, 1981). They are now termed “serpentinized
ultramafic microbreccia” (SUM) diatremes (Roden, 1981). These diatremes erupted ~35-25Ma
(Naeser, 1971; Roden et al., 1979; Helmstaedt and Schulze, 1991; Usui et al., 2006). Smith and
Levy (1976) proposed that the eruption of these diatremes was caused by the intrusion of magma
releasing water and carbon dioxide in the overlying peridotite. The diatremes are made up of
small fragments of serpentinized ultramafics with minor (<1%) amounts of mantle xenoliths.
These include garnet- and spinel-peridotite, pyroxenite and eclogite xenoliths (Helmstaedt and
Schulze, 1991). The xenoliths, and the eclogite xenoliths in particular, from these diatremes have
been subject to extensive study because they offer a glimpse into the processes operating in the
lithospheric mantle.
The origin of eclogite xenoliths, from both kimberlites and diatremes, has been the
subject of much debate. Two hypotheses dominate this discussion. The first is that eclogite
xenoliths form in subducting slabs and are subsequently emplaced within the lithospheric mantle
(Ongley et al., 1987; Jacob, 2004). The second is that eclogites crystallize from mafic melts at
the base of the lithospheric mantle (Griffin and O’Reilly, 2007; Huang et al., 2012). Most
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researchers attribute a subduction origin to eclogite xenoliths, however some still maintain the
possibility of a mantle origin, or attribute their samples to both processes (e.g. Smit et al., 2014).
A majority of the work done on eclogite xenoliths involves samples from kimberlites in
cratonic areas. Because cratons are usually a significant distance from active plate margins,
subduction is seen by some to be a doubtful origin for kimberlite-sourced eclogite xenoliths.
However because it is accepted that the subduction related volcanism reached all the way to the
Colorado Plateau, most researchers agree that eclogite xenoliths in SUM diatremes originated at
Earth’s surface. Disagreement about Navajo eclogites instead centers on the age of the eclogite
protolith, and the processes that metamorphosed this protolith and transported it to depth. Smith
et al. (2004) proposed that the eclogites formed within Proterozoic oceanic crust accreted to the
continental margin, and were later recrystalized by fluid released during late Cretaceous to early
Tertiary subduction. Helmstaedt and Schulze (1991) proposed that Proterozoic rocks in the
mantle wedge above the late Cretaceous-early Tertiary subducting slab were scraped off and
underwent prograde metamorphism. Usui et al. (2003) and Usui et al. (2006) proposed a
Mesozoic-Cenozoic subducted oceanic crust origin for the eclogites. Robust geochronological
data supports the range of ages in these hypotheses, and suggests that a combination of these
processes may be responsible for the formation of the eclogite xenoliths in SUM diatremes of the
NVF.
Ward Creek Eclogites
The Ward Creek eclogites from this study were all collected along Ward Creek near
Cazadero, California (Fig. 2). This location is known for its extensive outcrop of high-grade
metamorphic rocks of the Franciscan Complex. The Franciscan Complex is known as the type
location for fossil subduction zone complexes. The Franciscan Complex, the Great Valley Group
and the Sierra Nevada Mountains are interpreted as the subduction complex, forearc basin and
magmatic arc, respectively, of an eastward dipping subduction zone active during the Late
Jurassic and Cretaceous (Hamilton, 1969; Ernst, 1970; Wakabayashi, 1999). The Franciscan
Complex is separated from the Great Valley Group by a fault that is interpreted as the Benioff
zone from this fossil subduction zone. Based upon seafloor magnetic anomalies it is inferred that
over 2000km of oceanic crust were subducted beginning around 169Ma (Hamilton, 1969; Ernst,
1970; Anczkiewicz et al., 2004).
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Figure 2. A map of California showing the extent of the Franciscan Formation. The Ward
Creek sample location, and common sample locations for Franciscan high-grade blocks are
indicated.

The Franciscan Complex is made up of a convoluted mix of seafloor sediments, seafloor
volcanics and metamorphic rocks of various grades. These all collected in the subduction trench
as an accretionary mélange. This subduction complex is found outcropping from the Baja
California Peninsula in Mexico all the way to Southern Oregon (Berkland et al., 1972). However
the majority of work done on the Franciscan Complex has occurred in north-central California,
especially in San Francisco and its environs. Some outcrops of the Franciscan Complex are
interpreted to show coherent structural patterns, but no regional scale structure has identified to
relate outcrops across the complex (e.g. Wakabayashi and Dumitru, 2007). Most outcrops are
made up of fault-bounded, folded sheets and slabs of various lithologies emplaced against each
other with no discernable pattern or tectonic relationship (Bailey et al., 1964; Ernst, 1970;
Coleman and Lanphere, 1971).
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Metamorphic rocks are the focus of the majority of research within the Franciscan
Complex, and can be separated into two broad categories based upon metamorphic grade. Lowgrade metamorphic rocks appear as coherent sheets of blueschist-greenschist to zeolite grade
(Wakabayashi, 1999). Reported ages for these rocks cover the entire range of Franciscan
subduction from ~170-80Ma (Wakabayashi and Dumitru, 2007 and references within).
High-grade metamorphic rocks in the Franciscan Complex are of blueschist, eclogite,
epidote-amphibolite and amphibolite grade and generally record a basaltic protolith (e.g., Krogh,
et al., 1994; Nelson, 1995). When not eroded out of the less resistant mélange, these rocks are
isolated blocks, meters to tens of meters in size, entrained in a mélange of serpentinite or shale.
However these blocks often erode out of the less resistant matrix and are found as solitary
boulders (blocks). These blocks are not in situ and it is generally accepted that they are exhumed
portions of the deep subduction zone entrained in the accretionary wedge. However Coleman and
Lee (1960), Oh and Liou (1990) and Wakabayashi and Dumitru (2007) have also reported what
they consider to be in situ high-grade metamorphic rocks as fault-bounded sheets tens of meters
to thousands of meters in size in the Ward Creek Willow Spring areas. Detailed field descriptions
of the Ward Creek location (where the samples in this study were collected) can be found in
Coleman and Lee (1960) and Oh and Liou (1990). While these high-grade rocks make up <<1%
of the Franciscan Complex, they provide a glimpse into the deeper processes at work in the
subduction zone, and thus have been a major focus of Franciscan research (e.g., Coleman and
Lanphere, 1971; Oh and Liou, 1990; Wakabayashi, 1990; Krogh et al., 1994; Tsujimori et al.,
2006; Page et al., 2007; Errico et al., 2013).
The ages of high-grade Franciscan metamorphic rocks fall within the older portion of
Franciscan Complex ages. In Anczkiewicz et al.’s (2004) study of a range of Franciscan highgrade blocks, ages for garnet amphibolites were found to be 169-163Ma, 163-153Ma fro
eclogites and epidote-amphibolites and 147Ma for a high-grade blueschist. This age distribution
was interpreted as evidence of progressive depression of the geothermal gradient from the
addition of cold oceanic crust to the mantle. Wakabayashi and Dumitru (2007) found similar
ages, though significant overlap between different types was observed. The grouping of these
high-grade blocks at the beginning of subduction led some early researchers to propose a
separate metamorphic event for the low-grade metamorphic rocks. However, more recent
textural evidence and an overlap in ages has led to the general consensus that high-grade and
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low-grade Franciscan rocks formed during the evolution of the same subduction zone
(Wakabayashi 1990; Wakabayashi and Dumitru, 2007).
Counterclockwise pressure-temperature loops for Franciscan high-grade blocks also
suggest a decreasing geothermal gradient (Oh and Liou, 1990; Wakabayashi, 1990; Krogh et al.,
1994; Page et al., 2007). The majority of Franciscan blocks records a late blueschist overprint,
and often has textural and/or mineralogical evidence of a higher-temperature metamorphic
precursor (e.g. Oh and Liou, 1990; Wakabayashi, 1990; Page et al., 2007). This evolution from
higher-temperature precursor through peak metamorphism followed by lower-temperature
retrogression could only occur through a decreasing geothermal gradient. Pressures and
temperatures recorded by these blocks vary, but peak metamorphism is generally thought to have
occurred at ~18-25 kbar and ~550-620ºC (Tsujimori et al., 2006; Page et al., 2007). More
recently, Page et al. (2014) found pressure-temperature loops in Healdsburg eclogites and
Panoche Pass hornblendites that were essentially out and back paths, showing little variation
between prograde and retrograde conditions. Metasomatic rinds are common on Franciscan
Table 1: Petrological description of Moses Rock eclogite xenoliths from this study.
Sample

Mineralogy

Garnet
shape

Garnet BSE
zoning

Garnet Cation
zoning

MR11

garnet+omphacite+
zoisite±rutile±
muscovite
garnet+omphacite±
zoisite±rutile

subhedral

subhedralconcentric;
healed fracturing
subhedralconcentric;
healed fracturing

prograde

MR53

garnet+omphacite+
zoisite±rutile

subhedral

prograde

MR24

garent+omphacite±
rutile±apatite

subhedralconcentric;
healed fracturing
anhedral
non-concentric;
aggregates healed
fracturing;
remnant atoll

MR45

subhedral

prograde

atoll

Garnet δ18O
zoning (corerim)
high to low
high to low,
and
homogenous
low
homogenous
high
high atoll,
low core and
rim
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blocks. These rinds are made up of actinolite±chlorite±talc and are thought to be a result of fluid
interaction with surrounding serpentinites in the mantle wedge (Coleman and Lanphere, 1971;
Catlos and Sorenson, 2003).

Sample Descriptions
Moses Rock Eclogite Xenoliths
The four xenolith samples in this study are all eclogites emplaced in the Moses Rock
diatreme, Utah, USA. They were collected and provided by Prof. Dan Schulze, University of
Toronto.
MR11: This sample is predominantly composed of garnet, omphacite and zoisite (Table 1; Fig.
3). Accessory muscovite and rutile are also present. Garnets range in size from 0.2mm to 3mm
and have rare euhedral faces. Heavy fracturing and inclusions of omphacite, zoisite and rutile are
common in garnets of all sizes. Some garnets have an atoll texture, with cores of omphacite
surrounded by continuous rings of garnet. The temporal relationship between the omphacite
matrix and cores, and the garnet rings is unclear. Matrix omphacite is <0.5mm in size. Zoisite
forms acicular tabular aggregates with larger crystals at the core of some aggregates. These
aggregates have been attributed to lawsonite pseudomorphs, and the tabular shape of many of the
aggregates in this sample supports this hypothesis (Usui et al., 2006). Rutile inclusions are
common within zoisite aggregates. Muscovite appears as a secondary phase between matrix
omphacite grains.
MR24: This sample is predominantly garnet and omphacite (Table 1; Fig. 4). Accessory rutile
and apatite are present. Garnet forms laterally extensive layers that are up to ~3mm wide. These
bands define a strong foliation in this sample, as opposed to the other xenolith samples, which
have weak to no foliation and distinct garnet crystals rather than intergrown layers. These bands
are heavily fractured and include no euhedral faces. Large rutile inclusions are common and
omphacite inclusions are uncommon. Omphacite crystals are up to 1.5mm and are foliated in the
same orientation as garnet.
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Figure 3. Photomicrograph in plane polarized light of sample MR11 with major and
accessory minerals labeled. Scale bar is 500µm. (grt=garnet; omph=omphacite; zoi=zoisite;
rut=rutile)
MR45: This sample is predominantly garnet and omphacite (Table 1; Fig. 5). Accessory zoisite
and rutile are present. Garnets are predominantly <0.5mm. However there are rare garnets that
are 0.5mm to 2mm. All garnets are heavily fractured and have inclusions of omphacite, zoisite
and rutile. Omphacite ranges in size from 0.1mm to 1mm. Zoisite forms acicular aggregates that
appear between omphacite and garnet grains. Aggregates have rare large crystalline cores.
MR53: This sample is predominantly composed of garnet in a matrix of omphacite and zoisite
(Table 1; Fig. 6). Accessory rutile is common. Garnets range from 0.5mm to 2mm in size and
have no euhedral faces. Heavy fracturing and inclusions are common in all garnets. Inclusions
are predominantly rutile, zoisite and omphacite. Matrix omphacite is <0.5mm in size. Zoisite
forms acicular tabular aggregates, which may be lawsonite pseudomorphs (Usui et al., 2006).
Rutile is more common as inclusions in zoisite than in the matrix.
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Figure 4. Photomicrograph in plane polarized light of sample MR24 with major and
accessory minerals labeled. Scale bar is 500 µm. (apt=apatite)

Ward Creek Eclogites
These samples are all eclogites from Ward Creek. Prof. F. Zeb Page, Oberlin College,
collected these eclogites from blocks and cobbles in the Ward Creek streambed.
WC1: This sample was taken from a block and is predominantly garnet, omphacite, glaucophane,
epidote and quartz with accessory rutile, sphene and muscovite (Table 2; Fig. 7). Garnets are
uncommon and range in size from 0.5mm to 1.5mm. All garnets are extremely euhedral. Few
fractures and inclusions are present in some garnets, while others are heavily
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Figure 5. Photomicrograph in plane polarized light of sample MR45 with major and
accessory minerals labeled. Scale bar is 500 µm.
fractured and included. Inclusions where present are quartz, rutile, apatite, epidote, muscovite
and omphacite. All other minerals are <0.5mm. Rutile crystals have sphene reaction rims. Quartz
and muscovite appear to be secondary minerals grown between garnet, omphacite, glaucophane
and epidote.
WC4: This sample was taken from a cobble and is predominantly garnet, epidote, glaucophane
and omphacite (Table 2; Fig. 8). Accessory sphene, chlorite and muscovite are also present. This
sample is layered throughout. Garnets of different sizes and amounts of inclusions are found
alternating with epidote-rich and glaucophane-rich bands. Garnets are euhedral to subhedral and
range from 0.1mm to 1mm. Garnets have few cracks or inclusions. However some layers have
heavily included garnet cores. Inclusions are omphacite, sphene, rutile, apatite, quartz,
muscovite, epidote and glaucophane. Omphacite is rare in epidote-rich layers. Omphacite is
heavily overprinted and retrograded to glaucophane and chlorite. Muscovite appears to be a

15

Figure 6. Photomicrograph in plane polarized light of sample MR53 labeled with major and
accessory minerals. Scale bar is 500 µm.
late phase growing between other minerals. Sphene is rare with some crystals up to 2mm in size.
Sphene appears as oval crystals with resorbed edges.
WC8: This sample was taken from a medium-sized cobble. The thin section was cut into two 1”
diameter discs for analysis. This sample is predominantly garnet, omphacite, glaucophane and
epidote with accessory chlorite, sphene and muscovite (Table 2). This sample is strongly layered.
Disc A is almost entirely a garnet-epidote-omphacite layer (Fig. 9). Disc B consists of alternating
layers of omphacite-garnet, omphacite-glaucophane-garnet and glaucophane-garnet (Fig. 10).
Garnet sizes range greatly between layers from <0.1mm to 0.75mm. Individual layers tend to
have a narrow range of garnet sizes. Abundance of garnet also varies between layers from ~10%
to ~80%. In some garnet-rich zones, small garnets grow together to form larger aggregates.
Garnets are subhedral to euhedral. Fractures are rare throughout. Inclusions are common in some
layers and absent in others. Where present, inclusions usually form a ring in the garnet mantle,
but are rare in cores and rims. Inclusions are predominantly omphacite. Matrix minerals come in
a range of sizes. Omphacite can be found as inclusions within
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Figure 7. Photomicrograph in plane polarized light of sample WC1 with major and accessory
minerals labeled. Scale bar is 500 µm. (epi=epidote; glc=glaucophane; sph=sphene; qtz=quartz;
msv=muscovite)

Figure 8. Photomicrograph in plane polarized light of sample WC4 with major and accessory
minerals labeled. Scale bar is 500 µm.
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Figure 9. Photomicrograph in plane polarized light of sample WC8 disc A with major and
accessory minerals labeled. Scale bar is 500 µm.

Figure 10. Photomicrograph in plane polarized light of sample WC8 disc B with major and
accessory minerals labeled. Scale bar is 500 µm.
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glaucophane. Some sphene crystals, up to 0.5mm, are present. Muscovite is rare and heavily
resorbed where present.

Analytical Methods
All samples were analyzed as polished thin sections. Secondary Electron (SE) and Backscattered Electron (BSE) imaging was carried out on the JEOL JSM-5610LV scanning electron
microscope (SEM) at Oberlin College. Analytical settings were: 20 kV, 15-17mm WD, and spot
size of 35-80. Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out with an
Oxford INCA system. Thin sections were carbon coated before SEM analysis.
Oxygen isotope analysis was carried out at the WiscSIMS lab at the University of
Wisconsin on a CAMECA ims-1280 ion microprobe. Thin sections were prepared for analysis
by cutting and grinding into 2.54cm circular sections. Garnets selected for analysis were located
within ~5mm of the center of the section. After garnets were selected for analysis, UWG-2
garnet standard (Valley et al., 1995) was embedded into the surface of the section between the
selected garnets using epoxy and polished until it was coplanar with garnets for analysis. Thin
Table 2: Petrological description of Ward Creek eclogites from this study.
Sample

Mineralogy

Garnet
shape

Garnet BSE
zoning

Garnet Cation
zoning

WC1

garnet+omphacite+
glaucophane+epidote+
quartz±sphene±
muscovite±chlorite
garnet+omphacite+
glaucophane+epidote±
sphene±muscovite±
rutile
garnet+omphacite+
glaucophane+epidote+
quartz±sphene±
muscovite±chlorite

euhedral

euhedralconcentric;
resorption
boundaries
euhedralconcentric;
resorption
boundaries
euhedral- to
subhedralconcentric

oscillatory

WC4

WC8

euhedral

euhedral
to
subhedral

Garnet δ18O
zoning (corerim)
homogenous
high

oscillatory

high to low

oscillatory

oscillatory,
varied
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section disks were gold coated before analysis. Oxygen isotope ratios were measured using the
methods of Kita et al. (2009) and Valley and Kita (2009). Analysis was carried out with a
focused beam of Cs+ ions at a current of 1.8-2.2 nA and a spot size of ~12 microns. Data was
collected during one analytical session in January 2014. Four analyses of UWG-2 were carried
out before and after batches of 7-16 sample analyses. These standard analyses were used to
correct the sample analyses for instrumental bias according to Kita et al. (2009). Brackets of
standard analyses were averaged and the reproducibility of the standard for each bracket was
assigned as the precision for intervening sample analyses. This instrumental precision varied
from ±0.124-0.905‰. Oxygen isotope values are reported in delta notation relative to the Vienna
Standard Mean Ocean Water.
The brackets of UWG-2 analyses corrected for instrumental bias, however, compositional
bias must be corrected for using a different method. Garnet has many complex solid solutions,
and these have a strong effect on measurements of oxygen isotopes. Page et al. (2010) found that
in garnet low in ferric iron, variation in oxygen isotope chemistry is predominantly controlled by
grossular content. The method of Page et al. (2010) was used to correct for the effect of grossular
content.
Analysis of UWG-2 and a range of other garnet standards with near end-member
chemistries was carried out in the same analytical session as the sample analyses and used to
create a calibration curve. Electron microprobe analyses of cation composition were taken next
to each pit and plotted on the curve to determine the appropriate correction for cation
composition. Grossular content ranged from 10-36%, and resulted in corrections from ±0.521.03‰. These electron microprobe analyses were carried out with the Cameca SX100 electron
microprobe at the University of Michigan. Analysis conditions were: 15kV and 10nA. Natural
and synthetic silicate and oxide standards were used. Data was processed using a Cameca PAPtype correction with oxygen calculated by stoichiometry. Post-analysis SE images of each pit
were taken to ensure that each pit was inclusion free. SIMS pits that contained inclusions or
intersected cracks were excluded from this study. Pits that fell on the boundary between two
δ18O zones were either excluded or marked to differentiate from single zone analyses. Electron
probe points on cracks and inclusions were also excluded.
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Results
BSE Petrography
Moses Rock Eclogite Xenoliths
Garnets from samples MR11, MR45 and MR53 all have roughly concentric BSE zoning
(Table 1; Fig. 11, 12 and 13, Appendix). They all haves cores that are higher in average atomic
number (Z) and decrease to lower-Z rims through discrete steps and/or gradual decrease. Garnet
MR11-A is the only garnet that varies from the trend of decreasing-Z from core-rim. A higher-Z
mantle is present in this garnet bounded sharply with lower-Z zones on either side (Zone 2, Fig.
11). Healed fracturing is present in all Moses Rock garnets. In garnets MR11-A, MR45-A and B
and MR53-A and B, healed fracturing is especially prominent in zone 1 (Fig. 12 and 13,
Appendix). These zone 1 healed fractures appear to have a similar Z values to zone 2. Rim zones
are incomplete to absent in all samples.
Sample MR24 exhibits extremely complex cation zoning (Table 1; Fig. 14). This is well
represented by the garnet chosen for oxygen isotope and cation composition analysis. Because of
the complex zoning, it is difficult to identify successions of garnet growth from core to rim in
any of the garnets from this sample. However MR24-A exhibits an incomplete subhedral ringshaped zone, which gives some indication of where the garnet core might have been (Zone 1,
Fig. 14). Zone 1 is higher-Z and is heavily resorbed from both the interior and exterior. In some
places the zone 1 is completely resorbed away. The core and rim of this garnet is an
amalgamation of zones with a range of Z values. These zones are intermixed in all parts of the
garnets, showing no discernable pattern. The formation mechanism of these core and rim zones
is unclear, though zone 2 appears in some places to be the remnant of a concentric zone.
Ward Creek Eclogites:
Garnets from samples WC1, WC4, and WC8 all exhibit oscillatory, subhedral-toeuhedral, concentric zoning (Table 2; Fig. 15, 16 and 17, Appendix). All samples have higher-Z
cores. Some samples have small and/or incomplete zones that do not correspond with zones in
other garnets from the same sample (e.g. zone 2.5, Fig. 15). Cores in some garnets have zoning
that is too diffusive to determine crystal form, making the identification of resorption boundaries
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Figure 11. High-contrast BSE image of garnet MR11-A. Red circles mark oxygen analysis
pits. Pits are labeled with their associated δ18O value. Zones differentiated by cation and
oxygen isotopic composition are numbered from core to rim. Zone 2 represents an anomalous
high-Z zone. Representative healed fractures in zones 2 and 3 are labeled with arrows. The
white scale bar is 200µm.

Figure 12. High-contrast BSE image of garnet MR11-B showing a diffuse core-mantle (zones
1 and 2) boundary and a sharp mantle-rim (zones 2 and 3) boundary. Red circles mark oxygen
isotope analysis pits labeled with their associated δ18O value. Cation traverses are marked
with white bars and labeled A-A’ and B-B’. Zones differentiated by cation and oxygen
isotopic composition are numbered from core to rim. Garnet and clinopyroxene electron probe
analyses for thermobarometry are marked with red and green squares, respectively.
Representative healed fractures are marked with arrows. The white scale bar is 200µm.
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Figure 13. High-contrast BSE image of garnet MR45-A showing sharp core-mantle (zones 1 and 2) and
mantle-rim (zones 2 and 3) boundaries. Red circles mark oxygen isotope analysis pits labeled with their
associated δ18O value. Cation traverses are marked with white bars and labeled A-A’, B-B’, C-C’ and D-D’.
Zones differentiated by cation and oxygen isotopic composition are numbered from core to rim.
Clinopyroxene analyses for thermobarometry are marked with green squares. Representative healed fractures
are marked with arrows. The white scale bar is 200µm.

Figure 14. High-contrast BSE image of garnet MR24-A showing the complex zoning characteristic of this
sample. Oxygen analysis pits are marked with red circles and labeled with the associated δ18O value for that
pit. Hollow circles indicate pits with 2σ=0.55 and filled circles indicate pits with 2σ= 1.0. The cation
traverse carried out for this sample is marked by the white bar from A to A’. Clinopyroxene analyses for
thermobarometry are marked by green squares. Zones differentiated by cation and oxygen isotopic
composition are numbered from core to rim. The white scale bar is 200µm.
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difficult. However resorption boundaries can be indentified in the mantles and rims of most
Ward Creek garnets. Inclusions are found in all garnets, with some exhibiting more extensive
inclusions (Fig. 16) or inclusion patterns (Fig. 17). WC8 exhibits wide variation in zoning
pattern intra-sample.
Cation Chemistry
Moses Rock Eclogite Xenoliths
Cation zoning in garnets MR11-A and B, MR45-A and B, and MR53-A and B is
prograde, consistent with garnet growth with increasing temperature in the presence of
clinopyroxene (Table 1 and 3). Zone 1 is enriched in almandine (Alm) and spessartine (Sps), and
depleted in pyrope (Pyp) decreasing through zone 2 to zone 3 which is enriched in Pyp and
depleted in Alm and Sps (Table 3; Fig 18 and 19). This pattern can also be seen in Mg#
(Mg/Mg+Fe). Zone 1 has a low-Mg# which increases to zone 3 (Table 3). All garnets vary from

Figure 15. Backscatter electron image of garnet WC4-A. Red circles mark oxygen analysis
pits labeled with their associated δ18O value. Cation traverses are marked with white bars and
labeled A-A’ and B-B’. Zones differentiated by cation and oxygen isotopic composition are
numbered from core to rim. Zones 1-4 are common between this garnet and garnet WC4-B
from the same sample. Zone 2.5 is unique to this garnet. Zone 4 is incomplete due to
incomplete growth or resorption. Resorption boundary where zones 2 and 2.5 are resorbed
and replaced with zone 3 is marked with a white arrow. The white scale bar is 100µm.
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Figure 16. High-contrast BSE image of garnet WC8-B. Red circles mark oxygen analysis pits
labeled with their associated δ18O value. The cation traverse is marked with a white bar and labeled
A-A’. Zones differentiated by cation and oxygen isotopic composition are numbered from core to
rim. Zone 3 is incomplete due to lack of growth or resorption. The white scale bar represents 100µm.

Figure 17. High-contrast BSE image of garnet WC8-C. Red circles mark oxygen analysis pits
labeled with their associated δ18O value. The cation traverse is marked with a white bar and labeled
A-A’. A lack of sharp chemical boundaries prevents the establishment of distinct zones apart from
the rim. The rim is incomplete due to lack of growth or resorption. An inclusion ring can be seen in
the mantle of this garnet. The white scale bar is 100µm.
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Figure 18. Cation composition and δ18O along a traverse from garnet MR11-B. The two core
points were added to traverse A-A’ using approximated distances. Shaded bands and
associated numbers refer to zones marked on the BSE image for this garnet (Fig.12).

Figure 19. Cation composition and δ18O along a traverse from garnet MR45-A. The core point
was added to traverse A-A’ using an approximated distance. Shaded bands and associated
numbers refer to zones previously marked on the BSE image for this garnet (Fig. 13).
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this strict prograde pattern, however MR11-A and MR45-A exhibit more distinct departures. In
garnet MR11-A, the anomalous higher-Z zone visible in Fig. 11 corresponds to a cation zone that
is enriched in Sps and grossular (Grs) and depleted in Pyp. This breaks the prograde pattern of
Pyp increase from core to rim. MR45-A exhibits a more subtle deviation. While in all other
samples, variations in cation composition are coupled, in MR45-A, cations become uncoupled at
the zone 1-zone 2 boundary (Fig. 19). Instead of varying together, Pyp and Alm show large
changes, follow at the next point by another large change in Pyp, a large change in Grs, and no
change in Alm. However this variation still occurs within a larger prograde pattern.
The cation composition of garnet MR24-A is highly variable (Table 3; Fig. 20). Even
within zones that appear to have homogenous Z in BSE imaging, endmember percentages can

Figure 20. Traverse A-A’ showing cation δ18O composition from garnet MR24-A. δ18O
values indicated with a cross lie along the traverse (A-A’), δ18O values marked with an “x”
were assigned a position along the traverse based upon cation chemistry. Shaded bands and
associated numbers refer to zones identified in Figure 14.
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vary more than 10%. However the cation compositions in this sample can be broken down into
three broad groups. First, zones 1 and 3 can be differentiated from zones 2 and 4 based upon Alm
and Pyp composition. Zones 1 and 3 show a marked elevation in Alm and depletion in Pyp,
while zones 2 and 4 have relatively depleted Alm and elevated Pyp (Fig. 20). Zones 1 and 3 can
be further differentiated according to Sps composition; zone 1 is elevated in Sps and zone 3 is
depleted in Sps. Zone 1 can also be differentiated from zones 2, 3 and 4 based upon Mg# (Table
3). While the BSE image (Fig. 14) shows four distinct zones, the anomalous intra-zone variation
in this garnet makes it impossible to separate zones 2 and 4, though the BSE image clearly shows
a difference.
Ward Creek Eclogites:
Cation zoning in garnets from samples WC1, WC4 and WC8 also exhibits a prograde
zoning pattern though it takes a different form than that found in samples MR11, MR45 and
MR53 (Table 4; Fig. 21, 22 and 23). While the Moses Rock garnets show an inverse relationship
between Pyp and Alm/Sps, the Ward Creek garnets have an inverse relationship between Alm
and Sps with small variation in Pyp, consistent with garnet growth in a closed system with a
finite Mn reservoir. Zone 1 in these garnets is extremely enriched in Sps. Sps decreases from
core to rim with Alm showing a proportional increase. However, cation zoning in these garnets is
oscillatory, similar to the BSE images of these garnets (Fig. 15, 16 and 17) showing zoning in Z
that is oscillatory. While the overall pattern of these garnets can be described as prograde,
significant variation within and between zones is present in all samples.
Oxygen Isotopes
Moses Rock Eclogite Xenoliths:
Oxygen isotopes in garnets MR11-A and B and MR45-A have high-δ18O (10.3±0.7‰,
9.6±0.6‰ and 7.8±0.6‰ respectively) in zone 1 and low-δ18O (6.9±0.7‰, 6.2±0.6‰ and
5.8±0.6‰ respectively) in zone 3 (Table 5; Fig. 18 and 19). In MR11-A and B, zone 2 is
identical to zone 1 within analytical precision. In MR45-A, zone 2 has a δ18O value (6.6±0.6‰)
intermediate between zone 1 and zone 3. Garnet MR45-B is homogenous in δ18O at the same
value (6.6±0.6‰) as zone 2 in MR45-A (Table 5). MR53-A and B are both homogenous with
high δ18O values (8.7±0.8‰) (Table 5). Oxygen isotopes in garnet MR24-A are bimodally
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Figure 21. Traverses A-A’ and B-B’ (as marked in Fig. 15) showing cation and δ18O composition for garnet WC4A. Traverses A-A’ and B-B’ are oblique to each other. Shaded bands and associated numbers refer to zones
previously marked on Figure 15. The boundaries between zone 1 and 2 is diffuse so its location is approximate.
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distributed (Table 5; Fig. 20). Zone 1 is high in δ18O (9.1±1.0‰) while zones 2-4 are low in δ18O
(6.8±1.0‰).
Ward Creek Eclogites:
Garnets WC1-A and B are both homogenous at high-δ18O values (9.5±0.6‰ and
9.3±0.6‰ respectively) (Table 4). Garnets WC4-A and B have high-δ18O cores and low-δ18O
rims (Table 4; Fig. 21, Appendix). Zones 1 and 2 in WC4 are homogenous within precision at
high values (10.2±0.6‰ and 10.0±0.5‰ respectively). Some analyses from zone 3 are within
precision of zones 1 and 2 while others are just outside precision with intermediate δ18O values.
Zone 4 is low-δ18O in both garnets (6.7±0.6‰ and 7.1±0.5‰ respectively). The garnets in WC8
have a wide range of δ18O patterns and values (Table 4; Fig. 22 and 23). Cores in garnets WC8A, C and D are all high in δ18O (13.3±0.6‰, 12.6±0.5‰ and 13.0±0.6‰ respectively), while
WC8-B has a core value similar to WC1 and 4. Garnets WC8-C and D have low δ18O rims
(6.7±0.5‰ and 6.8±0.6‰ respectively). Garnets WC8-A and B on the other hand have high δ18O
rims (9.2±0.6‰ and 9.5±0.5‰ respectively) that are similar to the cores of WC1 and WC4
garnets. As with cation zoning, the decreasing δ18O trend, from core to rim, visible in most Ward
Creek garnets is interrupted by small-scale variation in δ18O (Fig. 21, 22 and 23).

Discussion
Oxygen Isotopes
The use of oxygen isotope analysis and garnet is a powerful one for the study of
metamorphic rocks, and eclogites in particular. Several characteristics of oxygen isotope
behavior within garnet make this combination especially fruitful. Temperature fractionation of
oxygen between garnet and clinopyroxene in eclogites is well within analytical precision for this
study. Kohn et al. (1993) found that oxygen in garnet from amphibolite grade metabasites was
unaffected by pressure and temperature, showing <~0.2‰ δ18O zoning caused by temperature
change. Oxygen isotope zoning from temperature was found to be much stronger in metapelites
with variations up to 0.1‰ per 10-20ºC. Oxygen isotopes within garnet also show little pressure
induced fractionation. Clayton et al. (1975) reported zoning of <0.2‰ at pressures of tens of
kilobars. A metabasite’s bulk composition is most similar to that of most eclogites suggesting
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Figure 22. Traverse A-A’ showing cation and δ18O composition in garnet WC8-B from sample
WC8. Shaded bands and associated numbers refer to zones previously marked on the BSE image for
this garnet (Fig. 16).

Figure 23. Full traverse A-A’ showing a cation and δ18O composition in garnet WC8-C from sample
WC8. Shaded bands indicate the location of the inclusion ring visible in Figure 16. δ18O values
indicated with a cross lie along the traverse (A-A’); δ18O values marked with an “x” were assigned a
position along the traverse based upon cation chemistry.
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100.57!
!
3.01!
0.01!
1.90!
0.00!
2.01!
0.11!
0.10!
0.86!
!
65.33!
3.31!
27.85!
3.51!
!
0.05!
!
9.47!

!
C!
Core!
37.11!
0.11!
20.02!
J0.01!
21.30!
11.73!
1.49!
8.21!
99.97!
!
2.98!
0.01!
1.90!
0.00!
1.43!
0.80!
0.18!
0.71!
!
45.94!
5.75!
22.69!
25.62!
!
0.11!
!
12.74!

!
!
Rim!
37.52!
J0.04!
20.62!
0.00!
30.42!
1.53!
0.80!
9.67!
100.52!
!
3.00!
0.00!
1.94!
0.00!
2.03!
0.10!
0.10!
0.83!
!
66.44!
3.11!
27.07!
3.38!
!
0.04!
!
6.80!

!
D!
Core!
37.45!
0.03!
20.13!
J0.02!
20.44!
12.51!
1.34!
8.01!
99.88!
!
3.01!
0.00!
1.91!
0.00!
1.38!
0.85!
0.16!
0.69!
!
44.68!
5.21!
22.42!
27.69!
!
0.10!
!
13.26!

!
!
Rim!
37.52!
0.18!
20.04!
0.00!
30.55!
1.24!
0.72!
10.36!
100.61!
!
3.00!
0.01!
1.89!
0.00!
2.04!
0.08!
0.09!
0.89!
!
65.88!
2.78!
28.63!
2.71!
!
0.04!
!
6.75!
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that fractionation between garnet and the matrix minerals in this study is insignificant. While this
lack of fractionation means δ18O cannot be used as a thermometer or barometer, it does mean
that the isotopic signature preserved in garnet is representative of the conditions under which it
formed, rather than enriched or depleted due to temperature or pressure induced fractionation.
Oxygen within garnet also diffuses extremely slowly. Vielzeuf (2005) found that garnet
can generate relaxation profiles in oxygen at high temperatures and time scales of tens of
millions of years. However these relaxation profiles were not severe enough to effectively erase
the zoning. Diffusion in garnet will create relaxation profiles, however it is still slow enough to
preserve oxygen heterogeneities at temperatures in excess of 850ºC. This diffusion speed was
found to be of the same order of magnitude as Ca diffusion. Slow diffusion means that multiple
isotopic and cation signatures can be preserved in growth zoning through a range of conditions,
and thus also a geochemical record of metamorphic history.
Lastly, metamorphic rocks forming within a closed system have been shown to adopt the
oxygen isotope signature of their protolith. Putlitz et al. (2000) surveyed a range of subduction
zone metavolcanic rocks and found that they formed with the bulk δ18O value of their protolith.
While some inter-mineral heterogeneities caused by fractionation were found, the bulk-δ18O of
the rock was preserved. This means that oxygen isotopes can preserve protolith fluid signatures
as well as those that occur during metamorphism. These three characteristics of oxygen isotopes
in garnet: insignificant temperature and pressure fractionation with clinopyroxene and the other
matrix constituents in this study, slow diffusion, and protolith inheritance, all make oxygen
isotopes in garnet a robust method of constraining metamorphic history and prehistory.
Oxygen isotopes are known to predictably vary through the lithosphere. Some specific
Table 5: Representative oxygen isotope analyses from the Moses Rock eclogites
(measured in ‰ VSMOW)
Sample
MR11
MR45
MR53

MR24

Garnet
A
B
A
B
A
B
A

Core (zone 1)
10.29
9.68
7.80
6.91
8.50
8.60
Core
6.61

Mantle (zone 2)
9.71
9.40
6.62
Atoll
9.16

Rim (zone 2 or 3)
6.93
6.34
5.75
6.41
9.03
8.68
Rim
6.30
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values pertinent to this study are reported here. Pristine mantle peridotites exhibit a tightly
constrained value of 5.5±0.2‰ (Eiler, 2001). MORB has a slightly broader range of ~5-7‰.
Altered oceanic crust exhibits a wide range of δ18O values that systematically vary through a
vertical cross section (Gregory and Taylor, 1981; Eiler, 2001). Upper oceanic crust, made up of
dike systems and pillow basalts, has a range of ~7-15‰. This value is a result of hydrothermal
alteration at low temperatures. Lower oceanic crust, made up of gabbros, has a range of ~0-6‰.
This depletion in δ18O is a result of high-temperature hydrothermal alteration (Eiler, 2001).
Moses Rock Eclogite Xenoliths
The Moses Rock eclogites in this study have the first significant intra-garnet oxygen
isotope zoning ever observed in mantle xenoliths. Zoning between cores and rims (or in the case
of MR24: relict mantle and core/rim) ranges from 0-3.4‰, with all δ18O values falling between
5.8‰ and 10.3‰.
Russell et al. (2012) presented the only other study examining oxygen isotope zoning
within garnet crystals from eclogite xenoliths, utilizing SIMS analysis on eclogite xenoliths from
the Roberts Victor (South Africa) and La Ceniza (Venezuela) kimberlites. Other oxygen isotope
studies of eclogite xenoliths utilized either laser fluorination or averages of SIMS data to attain
whole-crystal δ18O data for garnet. Russell et al. found zoning of ~1‰ and ~0.5‰ in Roberts
Victor and La Ceniza samples, respectively, however these values are within analytical
uncertainty. Though they do not display significant zoning, the δ18O values observed by Russell
et al. do overlap with those observed in the xenoliths in this study. Russell et al. observed values
of ~6-8‰ and ~5-8‰ in the Roberts Victor and La Ceniza samples, respectively. These values
range well outside of the accepted pristine mantle δ18O value of 5.5‰±0.2 (Eiler, 2001), which
led Russell et al. to suggest a subducted upper oceanic crust origin for these xenoliths.
Studies of whole-crystal oxygen isotopes in garnet have found values that were both
enriched and depleted in 18O in relation to the pristine mantle value. Huang et al. (2014) also
analyzed an eclogite xenolith from the Roberts Victor kimberlite, South Africa, and identified
four distinct zones of metasomatism across the thin-section scale sample. δ18O ranged from
~8.5‰ in the least metasomatized zone to ~6‰ in the most metasomatized zone. The extensive
alteration recorded in this range of values, as well as other isotope, cation and textural data, made
a determination of metamorphic history or protolith impossible. According to Huang et al.,
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protolith and origin can only be determined from samples that have undergone minimal to no
metasomatism. However it is important to note the small-scale heterogeneity recorded in this
sample. Within one sample Huang et al. observed differences of ~2.5‰ between metasomatic
zones representing significant disparity in alteration environment. This considerable variation
within one sample is also observed in sample MR45 from this study. Two garnets were analyzed
from this sample with garnet MR45-A recording 2‰ zoning (5.8-7.8‰) (Table, 5; Fig. 19), and
garnet MR45-B recording a homogenous value of 6.6±0.6‰ (Table 3; Appendix). This
substantial difference in δ18O pattern between two garnets only millimeters apart, and that found
in Huang et al. (2014), suggests some amount of textural control over fluid infiltration, be it
intra- or inter-crystalline.
Ongley et al. (1987) also analyzed eclogite xenoliths from the Roberts Victor kimberlite
using nickel bomb fluorination. They found garnet values of 3.8-7‰, with all but two samples
yielding values over what is now accepted as the pristine mantle value (~5.5‰). Analyses of
coexisting clinopyroxenes differed from garnet values by less than ±0.5‰ in all but one sample,
which was attributed to equilibration at high-temperatures. Ongley et al. did observe a lack of
reproducibility of mineral analyses in some samples, both within and between mineral grains,
and raised the possibility of isotopic zoning as the cause of this imprecision. The results in this
study confirm that this is a realistic explanation for this lack of precision. The high δ18O values
observed led Ongley et al. to also suggest a subducted altered oceanic crust origin for Roberts
Victor eclogites.
Smit et al. (2014) analyzed garnets from the Victor kimberlite, Canada with all garnets
yielding values within analytical precision of the mantle average, except for three low-Mg
eclogites that were ~6-7‰. Smit et al. attributed a subducted oceanic crust origin to these lowMg eclogites, but argued for partial melting of the subducted slab reacting with mantle wedge
peridotites as the origin of high-Mg eclogites with mantle values.
The assumption that enriched δ18O values can only occur near Earth’s surface is central to
arguments for a subduction origin for eclogites in the mantle. Some researchers argue that
elevated δ18O signatures can be created by fractionation within the mantle, and thus eclogites
without the pristine mantle signature could have a mantle origin (Griffin and Reilly, 2007;
Huang et al., 2012). However this claim has yet to be supported with evidence or a proposed
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model for this fractionation. The general consensus remains that δ18O values that depart from the
pristine mantle value of 5.5±0.2‰ must have been generated at Earth’s surface.
Even if non-mantle δ18O values could be generated through mantle processes, this
explanation could not satisfactorily account for the presence of isotopic zoning. While diffusion
of most elements in garnet is slow at low temperatures, mantle conditions can homogenize garnet
in cation and isotopic composition with appreciable residence time (>>10Ma) (Vielzeuf, 2005).
Russell et al. (2012) attributed the homogeneity of δ18O in their xenolith garnets to extended
exposure to mantle temperatures. If mantle temperatures can homogenize oxygen in garnet, then
it is inconceivable that garnet growing within the mantle could form with zoning. Therefore the
presence of oxygen isotope zoning alone requires that the xenolith samples in this study have a
subduction origin, and also suggests a short residence time within the mantle.
The δ18O zoning present in the xenolith garnets in this study records a subduction origin
with the samples becoming increasingly mantle-influenced. For the purposes of this discussion,
sample MR24 will be dealt with separately as it involves a more complex formation process.
Analyses of cores (zone 1) and some mantles (zone 2) from samples MR11 (Fig. 11 and 12),
MR45 (Fig. 13) and MR53 (Appendix) fall within the 7-15‰ range of upper oceanic crust values
(Table 5) (Eiler, 2001). These elevated zones (in relation to pristine mantle) are attributed to
protolith isotopic signatures preserved from an altered upper oceanic crust origin. As the eclogite
formed during subduction, garnets, and other minerals, adopted the oxygen isotope values of the
protolith basalt they recrystallized (Putlitz, 2000). The elevated oxygen isotope plateaus in the
cores and mantles of these samples (or in the case of MR53, the entire garnet) record no fluid
alteration, or alteration by fluid sourced from within the slab, during initial formation and
subduction. Closed system garnet growth is also supported by prograde cation zoning in Mn, Fe
and Mg.
The only garnet that exhibited a distinct mantle (zone 2) in δ18O was MR45-A. A sharp
decrease from a zone 1 value of 7.8±0.6‰ to a zone 2 value of 6.6±0.6‰ is present (Fig. 19).
Zone 2 is similar in cation composition and Z to the healed fractures in zone 1 (Alm2=51% and
Pyp2=26% versus Almfrac=53% and Pypfrac=27%), suggesting that the formation of zone 2 and
the healed fractures is linked. Healed fracturing forms by fluid mobilized recrystallization in
fractures and suggests extensive metasomatism was involved in the formation of zone 2. This is
supported by the fact that the closest match within zone 2 to the fractures is the garnet
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immediately adjacent to zone 1. Thus the fracturing healing occurred early, with later growth of
zone 2 effectively sealing the interior of the garnet from fluid alteration (at least temporarily).
The metasomatizing fluid involved in the formation of zone 2 was depleted in 18O relative to the
oceanic crust protolith. The cause of this δ18O decrease is either a complete change in fluid
source, or the mixing of the elevated slab fluid with a more depleted fluid. In subduction zones,
the predominant depleted δ18O reservoir would be the mantle. However, zone 2 is too elevated to
express pure mantle fluids. Instead, it records an increase in mantle influence. As the eclogite is
subducted, mantle fluids increasingly contaminated the slab. This causes depletion in δ18O but
not to pristine mantle levels. The sharp boundaries on either side of zone 2 suggest that it was
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formed by a pulse of mantle-contaminated slab fluid.
Garnets MR45-A, MR11-B and MR11-A all exhibit sharp decreases in δ18O from zone 1
and/or 2 to zone 3. MR11-B and MR11-A have decreases of ~3‰ (Fig. 18, Appendix), while
MR45-A has a decrease of 0.8‰ (Fig. 19). The zone 3 values on these garnets are ~5.8-6.9‰.
The pristine mantle value is near the edge of analytical precision for these samples, however they
are also at the extreme lower end (if not outside) the accepted values for altered upper oceanic
crust (Eiler, 2001). These depleted rims are attributed to the same fluid mixing mechanism that
created the depleted zone 2 in MR45-A. However these values are lower, record mixing at a
higher mantle-fluid to slab-fluid ratio.
The two garnets in sample MR53 that were analyzed for oxygen isotopes were found to be
homogenous at values of 8.7±0.8‰ (Table 5; Appendix). These values suggest an altered upper
oceanic crust protolith as mentioned above. However the presence of healed fracturing in the
garnet cores suggest that extensive fluid alteration was experienced by these garnets during their
history. Two explanations are possible for the homogeneity of these garnets through significant
fluid interaction. The first is that these garnets underwent fluid interaction early in the subduction
process, and thus were altered by fluids with an oxygen isotope composition similar to their
protolith. Further subduction did not cause the growth of new garnet with a differing δ18O value
around the homogenized cores. The other explanation is that this sample was metasomatized
somewhere along its subduction path, but due to a protected position within the subducting slab,
perhaps away from fluid channels; it was only exposed to fluids sourced from the slab itself.
These fluids lead to the differences in cation composition visible in the healed fracturing but did
not significantly alter the oxygen isotopes. While either, or a combination, of these two processes
are possible, the diffusion profile in Figure 24 suggests the latter. While the comparison of core
and rim cation zoning in Table 3 is inconclusive, the diffusion profile clearly shows the presence
of prograde cation zoning. The presence of some prograde zoning suggests two generations of
garnet in different conditions, which is inconsistent with early homogenization and halt to garnet
growth. The presence of healed fracturing in the cores of the MR53 garnets and the presence of
subtle prograde zoning between core and rim in MR53-A suggest that garnet grew throughout
subduction in location protected from mantle influence, and that homogenization was a result of
slab-sourced fluid alteration.
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Homogenization in garnet MR45-B records different alteration history from those found in
garnets from MR53. The δ18O values of MR45-B are 6.6±0.6‰ (Table 5; Appendix),
significantly lower than those of MR53. This value for garnet MR45-B is also different from
zone 1 in garnet MR45-A (from the same sample), suggesting that it is not simply a garnet made
entirely of core (zone 1) garnet. Instead, the δ18O value of MR45-B is identical to the value of
MR45-A’s zone 2 (Table 5; Fig. 13 and 19). However cation zoning in the core and rim of
MR45-B matches zone 1 and zone 2, respectively, of MR45-A with compositions within a few
percentage points of each other. As in MR45-A (Fig. 14), the Z values of MR45-B zone 2 and
the healed fractures are roughly identical, however the healed fracturing in MR45-B is much
more extensive (Appendix). The match between the δ18O in zone 2 of MR45-A and the δ18O
values found throughout MR45-B suggest that the event that formed zone 2 in MR45-A was
responsible for the homogenization of MR45-B. The match in Z values between the mantle zone
and healed fractures also suggests that the healing of these fractures was involved in the
homogenization as well. The fact that MR45-B is more extensively fractured than MR45-A
would suggest that a relationship between extent of healed fracturing and homogenization exists.
The MR53 garnets, which all show extensive healed fracturing, support this. In general, the
zoned garnets (MR11-B, MR11-A, MR45-A) show less healed fracturing than the homogenous
garnets (MR53-B, MR53-A, MR45-B).
The presence of cation zoning in both MR53 and MR45-B (Appendix) with
homogenization of oxygen isotopes is puzzling. Vielzeuf (2005) reported that Ca diffusion is of
the same order of magnitude or faster than oxygen diffusion in garnet, while Mg and Fe diffuse
faster. This would mean that cations and oxygen isotopes would be paired in either zoning or
homogenization. This decoupling would appear to indicate that current models of diffusion do
not adequately represent these garnets, however this is unlikely to be the case. While no model
exists at present to explain the cation and oxygen behavior in these rocks, they are likely the
result of a complex metasomatic history involving fluids with a variety of compositions.
Oxygen-cation decoupling can also be seen in the presence of anomalous cation zoning
with constant δ18O. Zone 2 in MR11-A is an important departure from the prograde zoning
pattern found throughout the rest of the Moses Rock eclogites. This anomalous zone is defined
by an increase in Sps and Grs and a decrease in Pyp. Manganese anomalies are typically
interpreted as evidence of fluid pulses. However this Mn spike and significant (non-prograde)
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Figure 25. Plot of δ18O vs. Mg# for all analyses from sample MR24 showing bimodality.
Points falling between the groups show larger changes in Mg# while remained below ~8‰.
Labels indicate the zone and location of the points based upon Figure 11 and Figure 18
change in cation composition occurs with essentially constant δ18O. This suggests that changes in
oxygen isotope and cation composition may not be coupled. The formation of zone 2 involved a
distinct change in the cation composition of the fluid, but maintained the altered oceanic crust
δ18O signature suggesting this fluid was sourced from within the subducting slab. The formation
of zone 3 involves a return to prograde zoning and a distinct change in δ18O composition
suggesting the predominance of a fluid from outside the slab. The lack of an anomalous zone 2 in
garnet MR11-B from this sample suggests that, though both garnets share similar δ18O zoning
patterns, there was extensive metasomatic heterogeneity within the sample. The importance of
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Figure 26. Plot of δ18O vs. mole % Sps for all analyses from sample MR24 showing
bimodality. Labels indicate the zone and location of the points based upon Figure 11 and
Figure 18
slab-sourced fluids in this sample supports slab-sourced metasomatism as the cause of
homogeneity in sample MR53.
Sample MR24 differs significantly from the other Moses Rock samples in both cation and
oxygen zoning pattern, however it shares a subduction zone origin with the other xenolith
samples. Garnet MR24-A exhibits an atoll texture. Atoll garnets are present in both sample
MR11 and sample MR24. In sample MR11 atoll garnets are rare, with garnet rings and cores of
omphacite. Atoll garnets in MR24 have cores and rims of secondary garnet and can only be
identified in BSE images or with chemical analysis. Atoll garnet is a texture observed in some
metamorphic rocks, and eclogites in particular. Atoll texture involves either (1) the formation of
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an idioblastic garnet ring around a poikilitic garnet core, or (2) the formation or recrystallization
of a secondary mineral both inside and around an earlier idioblastic garnet ring, or a combination
of the two (Faryad et al., 2010; Robyr et al., 2014).
Sample MR24 includes several examples of the second variety of atoll garnet. Garnet
MR24-A is a good example of this atoll texture. Garnet MR24-A has already been established as
bimodally distributed in δ18O (Table 5; Fig. 11 and 20), but plots of Mg# vs. δ18O (Fig. 25) and
%Sps vs. δ18O (Fig. 26) show that it is also bimodal in cation composition. The Mg# vs. δ18O
plot does exhibit scatter with some low-δ18O points also recording low Mg#, however the %Sps
vs. δ18O plot shows a strong bimodality indicating that this scatter is insignificant (though it may
be important in interpreting atoll formation processes). The core of MR24-A is made up of zones
2-4 and these zones are chemically identical to corresponding zones in the rim (Fig. 11; Fig. 20;
Fig. 25; Fig. 26). Zones 2-4 are low in δ18O and %Sps and high in Mg#. Zone 1 is the atoll and is
high in δ18O and %Sps and low in Mg#. The fact that the core and rim of this sample have
similar cation zoning and are homogenous in δ18O and significantly different from zone 1 (the
atoll), suggests that this garnet does indeed exhibit an atoll texture. An atoll texture is also
supported by the presence of uneven boundaries on all sides of zone 1 consistent with resorption
from the inside and outside, the lack of any concentric or subhedral zones other than zone 1, the
presence of high-Z fragments (interpreted as remnant zone 1) in the core of the garnet, and the
presence of healed fracturing in zones 1 and 3 suggesting significant fluid involvement in the
formation of this garnet consistent with atoll formation (Fig. 11). A restoration of Figure 14 to
pre-core/rim formation would show prograde cation zoning and a high-to-low core-to-rim δ18O
pattern similar to the other Moses Rock garnets, further supporting the hypothesis that zone 1
represents early garnet growth atollized by later growing zones.
In garnet MR24-A, zone 1 is homogenous in δ18O at 9.1±1.0‰, but shows significant
variation in cation composition. Zones 2-4 show extremely complex cation zoning but
homogeneity in oxygen isotopes at 6.7±1.0‰. Zone 1 exhibits cation compositions consistent
with formation early in subduction (high Fe and low Mg) and oxygen isotopes that fall within the
range of altered upper oceanic crust. Zones 2-4 exhibit more prograded cation compositions and
oxygen isotopes that fall between upper oceanic crust and pristine mantle. The oxygen isotope
values are similar to those found in the rims of the other Moses Rock samples and likely reflect
interaction with slab-contaminated mantle fluids. The δ18O pattern suggests that the zone 1 is

43
indeed an atoll that formed early in subduction, before being filled and rimed by garnet (zones 24) forming from a slab-contaminated mantle fluid late in subduction.
Three explanations for the formation of atoll garnets have been proposed. The first is that
multiple, simultaneous nucleations of garnet grow together around preexisting minerals. The
second is that short-term rapid growth causes garnet to engulf neighboring minerals. The third
involves the preferential resorption or recrystallization of core garnet. Zoning in garnet preserves
core compositions that may be out of equilibrium with matrix minerals. If fractures allow fluid
penetration into the garnet interior, the core may preferentially resorb or recrystallize because of
the greater chemical gradient between core and matrix than rim and matrix (Faryad et al., 2010;
Robyr et al., 2014). Several observations suggest that the atolls in MR24-A formed by
recrystallization of garnet cores. The tightly clustered cation and δ18O values for cores and rims
suggest that they formed concurrently. The highly irregular atoll-core and atoll-rim boundaries
are suggestive of resorption or recrystallization rather than concurrent or successive
crystallization. The complex zoning present in the cores and rims could not have formed through
rapid concentric garnet growth. The presence of garnet as the atoll core and rimming mineral
suggests that multiple nucleations were not the process by which these atolls formed, as no
significant amount of matrix minerals are preserved in the core.
This evidence suggests that the atolls in MR24 were formed by preferential late
subduction fluid catalyzed recrystallization of garnet cores (and potentially rims) along fractures
in the core. The cation and δ18O composition of zone 3 supports this method of atollization. In
Figure 20 it can be seen that zone 3 has a similar cation composition to zone 1, but differs in its
low-Sps and low-δ18O values. Zones 1 and 3 are also the only zones that exhibit healed
fracturing. This suggests that zones 1 and 3 are genetically the same, but zone 3 underwent more
extensive metasomatic alteration leading to the decreased Sps and δ18O values. However, similar
to samples MR45 and MR53, if zone 3 is indeed a more altered form of zone 1, it is unclear how
the Alm, Pyp and Grs values were preserved while oxygen and Sps were altered. It is also
unclear how the recrystallized cores and rims were able to form with such complex cation zoning
and such sharp chemical gradients.
Previous work on eclogite xenoliths from the Navajo Volcanic Field has established two
potential mechanisms for garnet origin and emplacement within the mantle. Both of these
arguments focus on isotopic and geochemical dating done on a range of samples. From this
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work, three distinct age ranges can be identified for eclogite xenoliths from the NVF. Wendlandt
et al. (1993), Smith et al. (2004) and Smith et al. (2005) identified ages of 1.8-1.5Ga. These are
attributed to Proterozoic crustal formation. Usui et al. (2003) and Smith et al. (2004) reported
ages of 85-47Ma, which are attributed to subduction of the Farallon Plate. Naeser (1971) and
Roden et al. (1979) identified ages of 35-25Ma, which were interpreted as dating diatreme
eruptions. Based on these dates, Smith et al. (2004) argued that the eclogite xenoliths in NVF
diatremes originated as Proterozoic crust. During Farallon subduction, the release of fluid from
the subducting slab led to recrystallization and incorporation of Mesozoic-Cenozoic ages, follow
by eruption, which recorded the youngest ages.
Helmstaedt and Schulze (1991) and Usui et al. (2003, 2006) argue that at least some of the
eclogite xenoliths record a Phanerozoic subduction origin. Helmstaedt and Schulze suggested
that Proterozoic ages might be a result of older mantle wedge rocks being scrapped off and
subducted, accounting for the observed prograde zoning and the Proterozoic ages. Usui et al.
(2006) suggested that while eclogites of Proterozoic origin could not be ruled out, the data
presented by Wendlandt et al (1993) and Smith et al. (2004) was inconclusive for establishing
the certainty of Proterozoic-source eclogites.
These studies have attempted to answer the question of Proterozoic or Phanerozoic
protolith age for the NVF diatremes by dating xenolith samples. However in this study, a timing
constraint based on diffusion speeds in garnet can be applied because of the presence of both
cation and oxygen zoning in these samples. Lack of δ18O zoning in garnet is generally attributed
to either growth in a closed system or diffusive homogenization caused by high temperatures and
long residence times in the mantle. Russell et al. (2012) attributed the homogeneity of her
eclogite xenolith samples to extended residence time in the mantle and suggested that
homogeneity might be used as a test to determine mantle origin in eclogites. The presence of
sharp zoning in cations in all samples and δ18O in some samples suggests that these samples
grew in an open system and were exposed to mantle temperatures and pressures for much less
than the hundreds of millions of years necessary to homogenize garnet. However the presence of
relaxation profiles in these samples suggests that they did experience diffusion, though probably
for less than 100Ma at mantle temperatures. This time constraint places these samples squarely
within the Mesozoic-Cenozoic ages found in some NVF eclogite xenoliths.
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The timing for eruption of these xenoliths can be constrained by the presence of fibrous
zoisite aggregates and the lack of overprinting, suggesting that these samples rose from mantle
depths to the surface relatively quickly. Usui et al. (2006) reported a lack of overprinting and the
presence of zoisite in their eclogite xenoliths as well as the presence of lawsonite inclusions in
garnet cores. Zoisite has been reported to be a low-pressure alteration product of lawsonite, and
Usui et al. suggested that the formation of fibrous zoisite was due to the rapid rise of these
samples from depths sufficient for lawsonite stability. Because of the rapid rise, disequilibrium
lawsonite was unable to recrystallize as well-formed zoisite crystals, but instead formed fibrous
aggregates. The lack of overprinting in these eclogites also suggests that eruption occurred too
quickly for re-equilibration along the exhumation path. The lack of overprinting and the presence
of fibrous zoisite suggest that these samples were erupted quickly from mantle depths. It is even
possible that these samples were sampled directly from the subducting slab. The lack of any
mantle or mantle-influenced δ18O signature on same MR53 suggests that it was never directly
exposed to the mantle. In order for it to be erupted without exposure to the mantle, it must have
been removed directly from the subducting slab. This rapid eruption constraint along with the
constraint of cation and oxygen isotope zoning suggest that these samples originated as
Phanerozoic subducted crust.
Ward Creek Eclogites
This study is the first application of intra-crystal oxygen isotope analysis to garnet from
Ward Creek eclogites. Two other SIMS oxygen isotope studies of high-grade blocks from the
Franciscan have been carried out. Page et al. (2014) analyzed garnets from an eclogite block
from Healdsburg (Junction School) and a hornblendite block from Panoche Pass (Fig. 2). The
Healdsburg block yielded core values of ~4-5‰ with a sharp increase to rim values of ~7‰.
Matrix omphacite from this sample had values of ~5.8‰, which is in disequilibrium with garnet.
The Panoche Pass block yielded core values of ~11‰ and a sharp decrease to rim values of
~7‰. Matrix omphacite in this sample had values of ~6‰, which is also in disequilibrium with
garnet. The Healdsburg block core is interpreted to have formed from an altered gabbro protolith
with rims enriched in δ18O due to fluid influx. The Panoche Pass block core is interpreted to have
formed from altered oceanic crust with depletion in the rims due to fluid influx.
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Errico et al. (2013) analyzed garnets from eclogite and amphibolite blocks from Jenner,
Ring Mountain (Tiburon), and Mount Hamilton (Fig. 2). Ring Mountain eclogite cores yielded
values of ~6‰ decreasing to ~4‰ at the rim. Ring Mountain amphibolites yielded core values of
~8-9‰ and rim values of ~8-9‰ in one sample set and ~6-7.5‰ in the other. Jenner eclogites
yielded cores of ~11‰ and rims of ~10‰. Mount Hamilton eclogites had a wide range of core
values from 7-9‰ and rims values of ~4-6‰. High cores are attributed to altered MORB or
influence from a sedimentary fluid. Low rims are attributed to serpentinite-sourced fluid influx
(~0-6‰), while high-rims are attributed to sedimentary fluid influence.
All of the garnets analyzed in this study have cores that are elevated in δ18O in relation to
pristine mantle. This is interpreted as the adoption of altered upper oceanic crust protolith values
(Putlitz et al., 2000; Eiler, 2001). However the possibility that δ18O enriched fluids from oceanic
sediments caused the elevated cores cannot be ruled out. The absence of appreciable δ18O
fractionation between garnet and matrix eclogite minerals at any temperature or pressure
reasonable for a subduction zone requires that an outside fluid influx is responsible for the lowδ18O rims (Kohn et al., 1993). The garnets from this study also exhibit generally prograde cation
zoning. In all samples Mn decreases from core to rim, and in most samples Fe and Mg increase
from core to rim. Ca generally shows a slight increase from core to rim broadly consistent with
increasing pressure. While these broad trends in δ18O and cation zoning are relatively
straightforward, a host of small and subtle variations in δ18O and cation composition for each
sample suggests much more complex growth history.
The most striking attribute of the garnets in this study is their uniformly high spessartine
content. Cores from these garnets range from 26-46% Sps (e.g. Fig. 21; Table 4). Coleman and
Lee (1960) and Oh and Liou (1990) observed high Sps content in Ward Creek metamorphic
rocks (Table 6). Coleman and Lee reported the Alm-Sps-Grs garnet in type III metabasalts and
Alm-Sps garnet in type III metacherts. Type III rocks are finer-grained metamorphic rocks with
mappable foliation and/or schistocity. Coleman and Lee differentiated these type III rocks from
type IV rocks (typical high-grade blocks). Type IV metabasalts and metacherts from Ward Creek
have Alm-Grs garnets. Oh and Liou also identified Mn-rich garnet in the Ward Creek area. Oh
and Liou found garnets with 14-25% Sps in type II eclogites and 23-28% Sps in in situ eclogite
schists. Type II eclogites according to the Oh and Liou categorization are medium-grained
blocks that share similar petrological and chemical characteristics with the in situ eclogite
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schists. These are differentiated from type I eclogites which fall under Coleman and Lee’s type
IV categorization as high-grade blocks similar to those found in other Franciscan locations.
Based upon chemical composition and mineralogy, it is likely that the samples in this study fall
under the general type III (Coleman and Lee) categorization and represent type II (Oh and Liou)
or in situ eclogites even though they were collected from cobbles and blocks in the Ward Creek
streambed field-identified as Coleman and Lee type IV. Anczkiewicz et al. (2004) reported
eclogites with 40% Sps from the Willow Springs location near Panoche Pass (Fig. 2), which was
described by Wakabayashi et al. (2007) as a coherent slab. It is possible that high Sps garnet is
an indicator of coherent eclogite slabs, either because coherent eclogite protoliths have high-Mn
compositions or because the formation process of coherent eclogites involves Mn-enrichment. It
is also possible that at least some of these samples might be metacherts or be influenced by
metachert-sourced fluids. Coleman and Lee reported Alm-Sps garnet in metacherts from Ward
Creek, which is most similar to the composition of sample WC4 which has cores of 46% Sps.
Whether metacherts, eclogites, or metachert-influenced eclogites, it can safely be assumed that
Table 6: Comparison of the Ward Creek samples in this study with the classification schemes
of Oh and Liou (1990) and Coleman and Lee (1960).
Field
Occurrence
stream
cobbles and
blocks

Garnet texture

blocks

1-2mm idioblastic

Oh and
Liou in
situ

in situ lenses

1-2mm idioblastic

Coleman
and Lee
Type III

sheets

0.2-1.2mm
subhedral to
euhedral

Ward
Creek
samples
from this
study
Oh and
Liou
Type II

<0.1mm-1.5mm
subhedral to
euhedral

Garnet solid
solution
Alm31-66Pyp210Grs17-30Sps3-46

Garnet zoning

Mn-rich garnet
(Alm46Pyp10Grs19S
ps25 to
Alm55Pyp10Grs21Sp
s14)
Mn-rich garnet
(Alm45Pyp8Grs19Sp
s28 to
Alm50Pyp6Grs21Sps
23)
Alm-Grs-Sps

prograde

prograde/
oscillatory

prograde

-
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these samples were not taken from typical high-grade blocks, but are more similar to the in situ
metasediments and eclogites for which the Ward Creek area is known.
The garnets from samples WC1 and WC4 have common intra-sample δ18O zoning
patterns, however the garnets from WC8 have a wide range of δ18O values and zoning patterns.
In particular, WC8-B differs significantly in both value and pattern from the other WC8 garnets
(Fig. 22). This anomaly could be a result of either small-scale heterogeneity in δ18O across this
sample, multiple garnet nucleations, or an off-center cut through the garnet. In the xenolith
eclogite samples in this study, heterogeneities in δ18O were found between garnets millimeters to
centimeters apart. This is attributed to fluid alteration that was able to penetrate to the cores of
some garnets but not others. This fluid event was evident in the extensive healed fracturing found
in many of the garnets. These healed fractures are absent from sample WC8 suggesting that this
δ18O anomaly was not caused by fluid-induced alteration. It is also possible that heterogeneities
in δ18O between different bands of the thin section led to contemporaneous growth of garnets
with differing δ18O values. Garnets WC8-C and WC8-D are found within a garnet-glaucophane
band, garnet 2 is found within a garnet-omphacite-epidote band and garnet WC8-B is found in a
garnet-omphacite band. Krogh et al. (1994) explained the presence of interlayered eclogite and
blueschist as a result of differing protolith compositions. If the three different bands found in
sample WC8 are results of differing protolith chemistries it is possible that this could yield
variation in δ18O.
It is also possible that differing δ18O core values is a result of multiple garnet nucleation
events. Garnets WC8-C and WC8-D from sample WC8 show distinct inclusion rings in mantles
(Fig. 17, Appendix). Garnet 8 has an inclusion-rich core. The δ18O values in the core of garnet 8
are similar to those found in the mantles of garnets WC8-C and WC8-D. This suggests that
garnet WC8-B is a second garnet nucleation event that began at the same time as the inclusion
rich zone was forming in garnets WC8-C and WC8-D. If the differing bands in this sample are a
result of variations in protolith chemistry, it is possible that this differing chemistry between
bands shifted the garnet stability zone enough to yield two garnet nucleation events, one for the
glaucophane and epidote rich bands and another later event for the omphacite-rich zone. Garnet
in the glaucophane and epidote bands had grown to just within the inclusion ring when garnet
became stable in the omphacite band. The inclusion ring suggests that the universal stability of
garnet in this sample was also contemporaneous with an increase in garnet growth rate that led to
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the extensive incorporation of inclusions (Robyr et al., 2014). Garnet growth later slowed,
decreasing the number of inclusions, but continuing to grow garnet in all bands. This hypothesis
is supported by a relative lack of garnet in the omphacite bands suggesting an inherent difference
in garnet growth between bands.
Lastly, and most likely, the presence of inclusions in the core of WC8-B and the
difference between zone 1 δ18O values in WC8-B and other WC8 garnets could be a result of an
off-center cut through the garnet. If the thin section cut were tangent to the inclusion ring rather
than cutting directly through the center of the garnet, inclusions would appear to make up the
core of the garnet when in reality they do not. This is the simplest explanation for anomalous
δ18O composition of WC8-B, however textural and chemical evidence still suggests that this
garnet differs from the other garnets in this sample. Of the four garnets analyzed from WC8,
WC8-C and WC8-D have δ18O rim values of <7‰, while the WC8-A and WC8-B have rim
values >9‰ (Table 4). However, WC8-A records this high-δ18O rim values within a low-Z zone,
while WC8-B records its high-δ18O rim in a high-Z zone similar to those found on WC8-C and
WC8-D (Fig. 16 and 17, Appendix). In addition, WC8-B shows very chaotic zoning with the
high-Z zone 1 fragmented and intermixed with the low-Z zone 2 (Fig. 16). This is very different
from the euhedral and coherent zoning found in WC8-A and WC8-C (Fig. 17, Appendix). WC8D shows less euhedral zoning than WC8-A and WC8-C, however it is still much more ordered
than WC8-B (Appendix). The chemical and textural variations between the garnets from this
sample vary with the band in which they are found. Garnet WC8-D, which is texturally similar to
both WC8-C and WC8-B, is on the border between the garnet-glaucophane band (WC8-C) and
the omphacite-garnet band (WC8-B). WC8-A is located in an epidote-omphacite area textural
characteristics and cation zoning patterns. While an off-center cut is the most likely explanation
for the difference between WC8-B and the other garnets from this sample, the chemical
variations between garnets implies that there is some chemical-control exerted by the
mineralogical banding.
Resorption boundaries are found throughout many of the garnets in this study. These are
identified by significant deviation from the general euhedral zonation found in all of the garnets
for Ward Creek samples. All of the Ward Creek garnets in this study exhibit rim resorption,
which is inferred to have occurred during exhumation and retrograde metamorphism (e.g. Fig.
16). This can be seen where the rim zone is missing. Many samples also exhibit interior
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resorption boundaries (e.g. Fig. 15). These boundaries are a result of movement outside the
garnet stability field. This causes garnet to begin to break down, before it returns to the stability
zone and begins to grow the next zone. In the case of rim resorption, the sample never returned
to the garnet stability zone. Page et al. (2014) attributed these resorption boundaries to yo-yo
subduction. This involves the repeated subduction and exhumation of metamorphic blocks in the
subduction channel (Rubatto et al., 2011). It is unclear if this is the process responsible for the
resorption boundaries present in these Ward Creek samples. No significant or anomalous
changes in cation or isotopic composition occur over these boundaries, suggesting yo-yo
subduction was not involved. While it follows that the environment at which garnet ceases to
grow would be similar to where it began to grow again upon subsequent subduction, it seems
unlikely that no discernable change in chemistry would occur across resorption boundaries in
every sample. It is also unclear how these samples could be repeatedly subducted and exhumed if
they were part of a large coherent sheet. Page et al. suggested that the exhumation and resubduction process could involve extensive mechanical breakdown of high-grade blocks, which
would not be consistent with preservation of a coherent sheet.
While the garnets from this study all show a decrease from high-δ18O cores to low-δ18O
rims, a significant amount of variability within this trend is observed. In particular, a stepped
pattern of partial or full return to core δ18O values is found at varying points in the garnet
mantles followed by continued decrease. Garnet WC8-C from sample WC8 is a good example of
this zoning pattern. On the A’ side of the core (along traverse A-A’, Fig. 23) values increase
from 8.7±0.5‰ to 10.3±0.5‰ between the outside of the inclusion ring and the rim. Garnet
WC8-B from this sample also exhibits a step-back (Fig. 22). Across the zone 1-zone 2 boundary,
δ18O increases from 9.8±0.5‰ to 10.5±0.5‰. Within zone 2, values decrease to 8.7±0.5‰, then
increase to zone 3 values of 9.5±0.5‰.
This pattern of oscillatory δ18O values suggests some systematic variation in fluid
composition. While Page et al. (2014) did not find this pattern in oxygen isotope composition,
similar oscillatory zoning in Alm and the presence of resorption boundaries was attributed to yoyo subduction. As discussed above, cycles of exhumation and subduction lead to the formation
of resorption boundaries, and repeated prograde zoning (and depending on the speed of
exhumation, associated retrograde zoning) patterns bounded by resorption boundaries. However
in the two samples showing extensive oscillatory δ18O zoning, no associated cation zoning
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patterns are present. Resorption boundaries associated with these patterns are also lacking. For
these reasons, it is more likely that the oscillatory changes in δ18O values correspond to a change
in fluid composition at a relatively fixed location rather than a change in the position of the
sample itself. However the possibility of yo-yo subduction cannot be ruled out, and the presence
of resorption boundaries in garnet does suggest that some movement within the subduction
channel occurred for the Ward Creek eclogites.
All of the Ward Creek samples are interpreted as sharing a common history. Altered
upper oceanic crust of varying δ18O composition was subducted into the Franciscan trench and
underwent prograde metamorphism to eclogite facies. During subduction, small-scale
heterogeneities in protolith composition led to intra-sample chemical variations. During this
prograde process, influxes of fluid from the serpentinized mantle wedge created δ18O anomalies
in the mantles of some samples. The presence of resorption boundaries within garnet also
suggests that some oscillatory movement occurred within the subduction channel, which
temporarily removed garnet from its stability field. However it is unlikely that this movement
was significant enough to be termed “yo-yo” subduction. The presence of low δ18O rims in all
zoned samples indicates that some extended exposure of serpentinite-derived fluids occurred just
prior to exhumation. These serpentinite fluids contaminated the existing slab fluids and induced
δ18O depletion. These samples were then exhumed undergoing retrograde blueschist
overprinting, and were emplaced as coherent sheets within the Franciscan mélange. Sample WC1
is homogenous in δ18O due to a protected location within the slab. Page et al. (2014) suggested
that fluid heterogeneities in eclogites blocks were due to fluid channelization in the subducting
slab, and this channelization is likely to be the reason why WC1 shows no record of the low-δ18O
fluids present in the other samples. This study suggests that there is no significant difference in
metamorphic history between the high-grade coherent sheets from Ward Creek and the highgrade blocks from other Franciscan locations. The high Mn content appears to be the only
significant and diagnostic characteristic of Ward Creek coherent sheets besides their size. It is
possible that the difference in structure between coherent sheets and blocks is simply a matter of
mechanical disaggregation and does not reflect a difference in formation or exhumation
processes.
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Origin within the same subduction zone?
While it has been established that both the Moses Rock and Ward Creek eclogites both
originated in subduction zones, there is little evidence for any direct genetic link. A direct
comparison of δ18O values between the samples shows that there is a significant amount of
overlap, however the high core-low rim pattern found in these samples would be expected in any
subduction zone eclogite and cannot be used to specifically link these two types of eclogites to
the sample subduction zone. The most convincing piece of evidence is the found to link these
two sample sets is the time constraints placed on the Moses Rock eclogites. A short residence
time in the mantle suggests that the Mesozoic-Cenozoic ages recorded in some Navajo Volcanic
Field xenoliths are the ages of formation for the Moses Rock xenoliths in this study. This would
require the Moses Rock eclogites to be forming in the same subduction zone as the Ward Creek
eclogites, though they would not overlap temporarily. The termination of high-grade block ages
around ~140Ma could be explained by a change in subduction zone mechanics that prevented the
exhumation of high-grade metamorphic rocks, and instead redirected further down the
subduction zone where they were sampled by the NVF diatremes. However these is not evidence
to back up this assertion, so all that can definitively be concluded is that both the Ward Creek
and Moses Rock eclogites formed at different times within the same subduction zone.
Conclusions
The Moses Rock eclogites in this study all share an altered upper oceanic crust protolith.
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The δ O value of the protolith is preserved in high-δ18O cores. Homogeneity in garnets MR53-A
and B and MR45-B is attributed to metasomatism associated with rim formation. MR53-A and B
are homogenous at high-δ18O values because the homogenizing fluids were sourced from within
the subducting slab, while MR45-B is homogenous at intermediate-δ18O values consistent with
metasomatism by mantle-contaminated slab fluid. A higher concentration of healed fracturing in
MR45-B, compared to MR45-A, suggests that garnet texture may have some control over
homogenization. MR45-A, and MR11-A and B have low-δ18O rims because of increasing
mantle-to-slab fluid ratio. MR24-A is an atoll garnet with altered oceanic crust δ18O recorded in
the relic atoll, and cores and rims of low-δ18O consistent with mantle influence. This sample
underwent extreme metasomatism to form this atoll texture and the complex zoning present in
the core and rim.
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The presence of oxygen homogeneity and cation zoning in MR53-A and B and MR45-B
suggests that these garnets did not homogenize by diffusion or that current models of diffusion
do not reflect reality. Diffusion rates of cations are of the same order of magnitude, or faster,
than oxygen, but the presence of oxygen homogeneity with cation zoning requires that oxygen
diffuse at a faster rate than cations. The presence of sharp cation zoning in all of the eclogite
xenolith samples is inconsistent with the Proterozoic subduction origin suggested by Smith et al.
(2004). Diffusion rates in garnet at mantle temperatures would not preserve cation zoning from a
Proterozoic eclogite, and the presence of acicular zoisite aggregates rules out temporary storage
in the crust. This constraint on the length of time the samples were in the mantle, and the altered
oceanic crust δ18O values suggest that these samples originated as Phanerozoic subducted
oceanic crust.
These eclogite xenoliths began as altered upper oceanic crust and were metamorphosed to
eclogite facies during subduction, adopting the oxygen isotope composition of their protoliths.
Continued subduction exposed many of the samples to fluids with an increasing mantle-sourced
component. Variations in garnet and sample texture, and position within the subducting slab led
to homogenization and/or zoning in oxygen and cations, and the formation of atoll garnet texture
in some samples. After reaching the mantle, these samples were rapidly exhumed, perhaps
directly from the subducting slab.
The Ward Creek samples in this study also all record altered upper oceanic crust δ18O
compositions in their cores. δ18O in garnet mantles and rims varies widely between samples. This
is interpreted as evidence of heterogeneous fluid exposure during subduction. Oscillatory δ18O
values suggest that samples were either exposed to alternating high-δ18O and low-δ18O fluids, or
moved up and down within the subduction channel encountering less and more mantleinfluenced or serpentinite-sourced fluids.
Though the Ward Creek samples were collected from cobbles and boulders, the high Sps
content recorded in the cores of all of these samples is more consistent with the high-Sps values
reported in coherent eclogite slabs than high-grade blocks (Coleman and Lee, 1960; Oh and
Liou, 1990; Anczkiewicz et al., 2004). Though much has been made of the difference between
coherent eclogites and eclogite blocks in the Franciscan Complex, if the samples in this study are
indeed coherent eclogites, there appears to be no significant difference between eclogite blocks
and coherent sheets apart from high-Sps content in the coherent sheets. Homogeneity in sample

54
WC1 at high-δ18O values suggests that this sample was protected from the low-δ18O fluids
recorded in the other samples. This implies that position within the subducting slab plays a part
in the metasomatism of the Ward Creek samples as well. The presence of glaucophane and
epidote in samples is likely a result of both compositional variation with samples, and retrograde
blueschist overprint, which is reported, in most other Franciscan high-grade metamorphic rocks.
The Ward Creek samples from this study originated as altered upper oceanic crust and
were metamorphosed to eclogite facies during subduction. During metamorphism, these samples
detached from the subducting slab and entered the subduction channel. Depending on their
position within their detached block or slab, these samples were exposed to varying amounts of
fluid interaction. Oxygen isotope zoning suggests that some samples moved up and down the
subduction channel, though not to the extent of yo-yo subduction. This movement took the
samples in and out of the garnet stability zone causing resorption boundaries. Eventually all the
samples were exhumed, forming a blueschist overprint.
Based upon the data in this study, no definitive relationship between Franciscan eclogites
and eclogites xenoliths from the Navajo Volcanic field can be made. While both suites of
eclogites share an altered oceanic crust protolith, no compelling mineralogical, textural or
chemical evidence was found to link them. However the Phanerozoic subduction origin required
for the xenoliths suggests that the xenoliths came from the same subduction zone as the
Franciscan eclogites. In addition, the Mesozoic-Cenozoic ages recorded in NVF eclogite
xenoliths overlap with Franciscan subduction, but not the ages for high-grade blocks. It is
possible that around 140Ma when high-grade blocks ceased to be exhumed, they were instead
fully subducted and exhumed by diatremes in the NVF. However more work is necessary to
prove any significant genetic link between Franciscan and NVF eclogites beyond their shared
subduction zone.
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Appendix:

High-contrast BSE image of garnet MR53-A. Red circles mark oxygen isotope analysis
pits labeled with their associated δ18O values. Traverse A-A’ is marked with a white bar.
The white scale bar is 100µm.
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High-contrast BSE image of garnet MR53-B. Red circles mark oxygen isotope analysis
pits labeled with their associated δ18O values. Garnet and clinopyroxene analyses for
thermobarometry are marked with red and green squares, respectively. The white scale bar
is 100µm.
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High-contrast BSE image of garnet WC1-A. Red circles mark oxygen isotope analysis
pits labeled with their associated δ18O values. The white scale bar is 100µm.
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High-contrast BSE image of garnet WC1-B. Red circles mark oxygen isotope analysis pits
labeled with their associated δ18O values. The white scale bar is 200µm.
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High-contrast BSE image of garnet WC4-B. Red circles mark oxygen isotope analysis pits
labeled with their associated δ18O values. Traverse A-A’ is marked with a white bar. A
representative resorption boundary is marked with a white arrow. The white scale bar is
200µm.
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High-contrast BSE image of garnet WC8-A. Red circles mark oxygen isotope analysis
pits labeled with their associated δ18O values. The white scale bar is 200µm.
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High-contrast BSE image of garnet WC8-D. Red circles mark oxygen isotope analysis
pits labeled with their associated δ18O values. The white scale bar is 200µm.
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Full traverse A-A’ showing cation and δ18O composition in garnet WC4-B from sample WC4.
Shaded bands and associated numbers refer to zones marked on the BSE image for this garnet
(Appendix). The boundary between zone 1 and zone 2 is diffuse so its location is
approximate.
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